Phr1 is the single well-conserved murine ortholog of the invertebrate ubiquitin ligase genes highwire (in Drosophila) and rpm-1 (in Caenorhabditis elegans). The function and mechanism of action of highwire and rpm-1 are similar-both cell-autonomously regulate synaptogenesis by down-regulating the ortholog of the mitogen-activated protein kinase kinase kinase dual leucine zipper kinase (MAPKKK DLK). Here, using a targeted conditional mutant, we demonstrate that Phr1 also plays essential roles in mammalian neural development. As in invertebrates, Phr1 functions cell-autonomously to sculpt motor nerve terminals. In addition, Phr1 plays essential roles in the formation of major CNS axon tracts including those of the internal capsule, in part via cell-nonautonomous mechanisms, and these results reveal a choice point for cortical axons at the corticostriatal boundary. Furthermore, whereas the neurite morphology phenotypes of highwire and rpm-1 are suppressed by loss of DLK in flies and worms, Phr1-dependent CNS defects persist in Phr1, DLK double mutants. Thus, in the mammalian nervous system Phr1 is required for formation of major CNS axon tracts via a mechanism that is both cell-nonautonomous and independent of DLK.
Phr1 is the single murine ortholog of invertebrate ubiquitin ligases that regulate synapse growth and morphology. Loss of highwire, the Drosophila ortholog, causes dramatic synaptic overgrowth and a physiological deficit at the larval neuromuscular junction (NMJ) (Wan et al. 2000; DiAntonio et al. 2001) , while mutations of the Caenorhabditis elegans ortholog rpm-1 cause defects in the morphology, spacing, and number of presynaptic active zones (Schaefer et al. 2000; Zhen et al. 2000) . This synaptic function is conserved in vertebrates, as mutants of esrom, the zebrafish ortholog of Phr1, display defects in synaptic target selection during retinotectal mapping (D'Souza et al. 2005) . All of these functions of the PHR family are cell-autonomous, likely reflecting actions of the protein in nerve terminals (Schaefer et al. 2000; Zhen et al. 2000; D'Souza et al. 2005; Wu et al. 2005) . As befits a large, multidomain protein, PHR family members interact with many candidate targets (Guo et al. 1998; McCabe et al. 2004; Pierre et al. 2004; Murthy et al. 2004 ); however, genetic data demonstrates that one critical substrate of Highwire/RPM-1 is the mitogen-activated protein kinase kinase kinase (MAPKKK) called Wallenda in Drosophila and DLK (dual leucine zipper kinase) in C. elegans. In both worms and flies, levels of this kinase are increased in the absence of highwire/rpm-1, synaptic defects in highwire/rpm-1 mutants are suppressed by loss of wallenda/DLK, and increasing the level of Wallenda/ DLK is sufficient to phenocopy the synaptic defects of highwire/rpm-1 mutants (Nakata et al. 2005; Collins et al. 2006) .
To assess the role of Phr1 in mammalian neural development, we have generated a targeted conditional Phr1 knockout allele in the mouse. Conditional excision of Phr1 in motoneurons demonstrates that, as in invertebrates, Phr1 is required cell-autonomously for normal neuromuscular synaptogenesis, consistent with previous analysis of mice with large chromosomal deletions that remove Phr1 and neighboring genes (Burgess et al. 2004 ). In addition, we have discovered severe and specific defects in the establishment of major axon tracts in the CNS, including a failure of corticofugal and thalamocortical axons to enter the subcortical telencephalon and form an internal capsule, the major avenue for informa-tion flow between the cerebral cortex and the rest of the nervous system. While all previously described functions of Phr1 orthologs are cell-autonomous, conditional deletion of Phr1 demonstrates a cell-nonautonomous requirement for Phr1 in the guidance of cortical axons. These findings suggest that Phr1 is required to generate a permissive environment for corticofugal and thalamocortical axons as they pass into the subcortical telencephalon, and reveals the corticostriatal boundary as a choice point for descending cortical axons. Finally, we tested the interaction of Phr1 with DLK (Holzman et al. 1994; Reddy and Pleasure 1994) , the murine ortholog of the MAPKKK that is a critical substrate of the invertebrate PHR genes. We generated DLK mutants and Phr1 DLK double mutants and find that the disruption of the internal capsule persists in double mutants, demonstrating that this phenotype is not due to up-regulation of DLK. Therefore, in addition to its evolutionarily conserved, cell-autonomous role in regulating synapse development, these studies have demonstrated three novel aspects of Phr1 function in the mammalian nervous system: Phr1 is (1) required for formation of major axon tracts in the CNS, and it can act via a mechanism that is both (2) cell-nonautonomous and (3) independent of DLK.
Results

Loss of Phr1 causes defects in neuromuscular development
Phr1 is expressed widely in the developing and adult mouse CNS (Yang et al. 2002; Burgess et al. 2004; Santos et al. 2006) . To determine the function of Phr1, we generated conditional Phr1 knockout mice utilizing the Crelox system (Fig. 1A) . The Phr1 gene contains >80 exons spanning >200 kb. The floxed exons encode 70 amino acids adjacent to the RCC1 domain, a highly conserved domain necessary for the function of highwire in Drosophila (C. Wu, pers. comm.) . A constitutive knockout allele was subsequently derived from the floxed allele and mutations were confirmed by Southern blot (Fig. 1B) , genomic PCR (data not shown), and RT-PCR (see below). Phr1 constitutive knockout mice die at birth without taking a breath, their phrenic nerves are markedly narrower and contain fewer axons than controls ( Fig. 1C-E) , and they often lack innervation of the most ventral region of the diaphragm (Supplementary Fig. S1 ). Other peripheral nerves are properly formed and located, albeit thin. Motor axons terminate in normal-appearing presynaptic NMJ structures apposed to endplates, but they also extend dysmorphic extrasynaptic varicosities filled with axonal and synaptic markers (Fig. 1F,G) . These data confirm that Phr1 is responsible for the neuromuscular phenotypes reported by Burgess et al. (2004) in chromosomal deficiency mice lacking Phr1 and two adjacent genes.
Since there are fewer axons in the phrenic nerve, one might expect to find fewer post-synaptic endplates on the muscle. However, innervated portions of the diaphragm in Phr1 mutants have similar numbers of endplates, as in control animals, although the endplates are more densely packed within a narrower endplate band ( Fig. 1H-K) . All endplates are apposed to presynaptic nerve terminals and the location of the endplate band is not otherwise altered. The defects at the NMJ are summarized in Supplementary Figure S2 . An implication of these results is that the average motor unit size (the complement of endplates innervated by a single neuron) is increased in Phr1 mutants; i.e., each motoneuron in the knockout innervates more endplates than in controls. This is analogous to the NMJ defect in Drosophila mutants for highwire, in which each motor axon develops a greater than usual number of synaptic boutons.
Presynaptic phenotypes can result from defects in either motoneurons or muscle (Sanes and Lichtman 1999) , so it was important to determine whether Phr1 defects at the NMJ are due to loss of Phr1 in motoneurons. To this end we mated Phr1-floxed allele mice to the motoneuron-specific Cre driver HB9-Cre. Because HB9-Cre mice express Cre selectively in motoneurons (Fox et al. 2007 ), the resulting offspring develop NMJs that lack Phr1 only in the presynaptic cell. The viability of motoneuron-specific mutants is variable, unlike that of constitutive Phr1 knockout: Some animals are stillborn, but many survive to adulthood and are fertile. Thus, defects in the neuromuscular system contribute importantly to the lethality in the constitutive Phr1 knockout, although Phr1 function in other tissues may also contribute.
The morphological defect at the NMJ in conditional motoneuron Phr1 knockouts is similar to that of constitutive knockouts-numerous neurofilament-rich sprouts extend beyond normally innervated endplates (Fig.  1L,M) . Conditional Phr1 knockouts that display this altered NMJ morphology can have fully innervated diaphragms, indicating that the cell morphology defect apparent across the diaphragm is not secondary to the lack of innervation of the ventral region of the diaphragm. Therefore, mouse Phr1, like its Drosophila and C. elegans orthologs (Schaefer et al. 2000; Zhen et al. 2000; Wu et al. 2005) , functions cell-autonomously in motoneurons to regulate synaptic development.
Phr1 mutants lack retinal innervation of the thalamus
The thinner peripheral nerves and partially uninnervated diaphragm in Phr1 knockout mice lead us to wonder whether Phr1 functions in axon outgrowth or guidance as well as synaptic development. To investigate guidance in an experimentally accessible nerve, we analyzed the projection of retinal ganglion cells, which express Phr1 (data not shown), to the lateral geniculate nucleus (LGN) of the thalamus. Labeling the retinal projections with the lipophylic dye DiI, we found no innervation of the LGN in neonatal Phr1 constitutive mutants (n = 4), whereas control littermates showed robust labeling of the optic tracts and dorsal thalamus (n = 2) (Fig. 2) . In knockouts, the extent of the defect varied, but axons always left the retina and formed an optic nerve and often reached and crossed the optic chiasm; in one animal, a few labeled axons were detected at the beginning of the optic tract, but none reached the dorsal thalamus. Hence, Phr1 is required for retinal innervation of the brain.
Mice lacking Phr1 display CNS morphology defects
The broad expression of Phr1 throughout the CNS, along with the guidance defects of retinal projections, lead us to extend our investigations to major axon tracts within the brain (Fig. 3) . Several gross morphological defects are apparent in the Phr1 knockout brain: The volume of the lateral ventricles is greatly increased, extending into the olfactory bulb in mutants, and hippocampal formations are smaller and dysmorphic ( Fig. 3A-G) . In the diencephalon, the anterior thalamus is reduced in size and altered in organization (Fig. 3A-G ). Despite these gross changes, there are no obvious defects in the overall organization of the cerebral (Fig. 3H,I ) and cerebellar cortices ( Supplementary Fig. S3 ) at embryonic day 18.5 (E18.5)-the cerebral cortical thickness of the knockout is normal (93 ± 3% of control) and the thickness of the cortical plate as a percentage of the total cortical thickness is normal (Control 59.2 ± 0.8%; Phr1 knockout 62.7 ± 0.5%), as is expression of the transcription factor Tbr1, a marker of post-mitotic neurons in the cortical plate ( Fig. 3J,K ; Englund et al. 2005) . In addition, cell death in the CNS is not increased in Phr1 mutants at any investigated time point (E16.5 and E18.5), nor is there a significant change in cell proliferation as assessed by BrdU labeling of cells born at E12.5 and E15.5 (data not shown).
In the Phr1 mutant, striking defects are apparent in major axon tracts: The anterior commissure is absent ( Supplementary Fig. S3 ), the corpus callosum is narrower in both the anterior-posterior and dorsal-ventral axes (see below), and there is extensive loss of neurites in the cerebral cortex (Fig. 3A-G) . Additionally, Nissl staining of Phr1 mutant embryonic brains and immunohistochemistry for axon markers including L1 (Fig. 3A-G) and calretinin demonstrate the loss of corticofugal and thalamocortical projections in the subcortical telencephalon, where the internal capsule is normally located. The habenulopenduncular tract is short and the adjacent interpeduncular fossa exaggerated ( Supplementary Fig. S3 ). Immunohistochemistry demonstrates a general reduction of neurofilament in brain structures, including the hippocampus, cerebral cortex, subcortical telencephalon, and thalamus ( Supplementary Fig. S3 ). Axonal defects are not confined to long axons such as those passing through the commissures and internal capsule: There is a marked reduction in staining for neurites of GABAergic interneurons without an appreciable reduction in the number of GABAergic cell bodies in the cerebral cortex (Fig. 3L,M) .
All of the above gross morphology defects are also observed in deficiency mice lacking the entire Phr1 locus as well as mice transheterozygous for the constitutive Phr1 allele and a deficiency chromosome (Fig. 3C ,D,G; Supplementary Fig. S3K ). Heterozygotes for the targeted Phr1 knockout allele do not display appreciable defects. The nature and severity of CNS and PNS phenotypes are indistinguishable among all three genotypes mutant for Phr1, demonstrating that our constitutive targeted allele behaves as a genetic null allele.
Corpus callosal defects in Phr1 mutants are region specific
For detailed analysis of Phr1 function, we selectively deleted Phr1 from the cerebral cortex using Emx1-Cre mice. Emx1-Cre is expressed in progenitors of excitatory neurons in the cerebral cortex and hippocampal formation, including all projection neurons that contribute to the corpus callosum and internal capsule. GABAergic interneurons do not express Cre, having arisen elsewhere and subsequently migrated into the cortex. Cre expression is observed in only rare cells of subpallial structures (Gorski et al. 2002; Bareyre et al. 2005) . Mice homozygous for the Phr1 floxed allele and expressing Emx1-Cre survive to become fertile adults, indicating that the lethality of Phr1 constitutive knockouts is not due to loss of Phr1 in the cortex. Emx1-Cre; Phr1 mice do, however, display many of the telencephalic defects observed in the null. These include enlarged lateral ventricles, dysmorphic hippocampal formations, and narrower corpora callossa. The callosal defect is qualitatively and quantitatively indistinguishable from that of the constitutive Phr1 knockout (Fig. 4A-C) . These phenotypes persist into adulthood (data not shown).
The reduction of the corpus callosum could result from an absence of callosally directed axons or from a failure of such axons to cross the midline. In either case, the reduction might be a cortex-wide defect or restricted to specific cortical areas. To distinguish among these alternatives we performed axon-tracing experiments on E18.5 embryos using the lipophilic dye DiI. DiI placed approximately in the region of the incipient somatosensory cortex usually crossed the corpus callosum of control, cerebral cortex-specific, and constitutive mutant embryos (five out of five controls, four out of four cerebral cortex-specific knockouts, and two out of three constitutive knockouts) ( Fig. 4D-F) . No consistent differ- Phr1 constitutive knockout displays severe defects of gross morphology and axon fiber tracts in the CNS. Nissl-stained coronal sections from one side of E18.5 brains of control (A,AЈ), Phr1 constitutive knockout (KO) (B,BЈ), Phr1 deficiency mutants (15DttMb/15DttMb) (C,CЈ), and transheterozygotes for the constitutive allele and deficiency allele (D,DЈ). Nissl stains cell bodies and shows white matter tracts in relief. In the Phr1 knockout and Phr1 deficiency mutant (Df), lateral ventricles are increased in size, the hippocampus is reduced, and axon tracts running through the internal capsule are absent. Cortex (Ctx), lateral ventricle (V), fimbria (F), and thalamus (Th) are labeled. The boxed region is shown in AЈ, BЈ, CЈ, and DЈ and demonstrates the presence of white matter tracts (arrowhead) in the internal capsule from the control (AЈ) but not from the Phr1 knockout and Phr1 deficiency mutant (BЈ,CЈ,DЈ). Staining for L1, a marker of major fiber tracts including the internal capsule, is shown in coronal sections from one side of E18.5 brains of control (E,EЈ), Phr1 constitutive knockout (KO) (F,FЈ), and Phr1 deficiency mutants (Df) (G,GЈ). The boxed regions shown in EЈ, FЈ, and GЈ demonstrate the presence of L1-positive axon tracts (arrowhead) in the internal capsule from the control (EЈ) but not of the Phr1 knockout (FЈ) or Phr1 deficiency mutant (GЈ). Coronal sections of Nissl-stained control (H) and Phr1 constitutive knockout (KO) (I) E18.5 cerebral cortex highlight the cortical plate (CP) whose thickness (indicated by the bracket) as a percentage of the total cortical thickness is unchanged in the mutant. Coronal sections of Nissl-stained (green) and Tbr1-stained (red) control (J) and Phr1 constitutive knockout (KO) (K) E18.5 cerebral cortex highlight that Tbr1 + neurons have migrated into the cortex and differentiated in similar positions in mutant and controls. Coronal sections of GABA-stained control (L) and Phr1 constitutive knockout (KO) (M) E18.5 cerebral cortex show GABAergic cell bodies (arrowheads) in both the control and mutant, while highlighting the more prominent GABAergic neurite staining (bracketed regions) in the control.
Phr1 and CNS axon formation ence in the dye crossing was noted between controls and mutants. When DiI was placed approximately in the incipient visual cortex, it invariably crossed the corpus callosum of control embryos (n = 5) (Fig. 4G,J) , although many fewer callosal axons were observed crossing from the visual cortex than from the somatosensory cortex in control animals (Fig. 4, cf. D and G). In contrast, callosal axons from the incipient visual cortex never crossed in Phr1 knockout embryos (n = 3) (Fig. 4I,L) or cerebral cortex-specific Phr1 knockouts (n = 4) (Fig. 4H,K) . Rather, in Phr1 mutants, dye-labeled axons originating from the incipient visual cortex extend anteriorly and medially away from the site of dye placement and approach the midline as usual, but terminate in large bulbs known as "Probst bundles" instead of entering the corpus callosum. DiI experiments demonstrate that this defect persists until at least postnatal day 8 (P8) in cortical knockouts (data not shown), making it unlikely that the defect is due to a delay of axon outgrowth or crossing. From these results we conclude that a reduction of the corpus callosum in Phr1 mutant animals is due to a lack of crossing by axons arising from the posterior cerebral cortex, rather than a general defect throughout the cortex.
Guidance defects of descending cortical and ascending thalamic projections in Phr1 mutants
Dye-tracing experiments were performed to analyze the extent of axon loss through the internal capsule of E18.5 Phr1 mutant brains. DiI-labeled axons passing through the internal capsule were apparent in all control E18.5 brains that had DiI introduced in the incipient somatosensory (Fig. 5A ) or visual (data not shown) cortices (n = 10 experiments). Retrogradely labeled thalamic neurons were also evident in control animals (Fig. 5D ). However, in identically treated E18.5 Phr1 constitutive mutant embryos, neither DiI-labeled tracks running through the subcortical telencephalon, nor retrogradely labeled cell bodies outside the cerebral cortex, were ever observed (Fig. 5C ,F) (n = 6 experiments). Furthermore, DiI placed in the subcortical telencephalon of knockout brains does not extend significantly outside of the subcortical telencephalon, demonstrating that white matter in the subcortical telencephalon of the constitutive Phr1 knockout is due to local neurons rather than inputs from the thalamus or cortex (Supplementary Fig. S4 ). From these results we conclude that descending corticofugal axons in Phr1 mutants fail to exit the cerebral cortex by E18.5, and that thalamocortical axons fail to reach their targets in the cortex by E18.5.
The defects in thalamic projections in the Phr1 mutant may reflect pathfinding errors of axons negotiating specific guidance choice points. Axons from the dorsal thalamus in the Phr1 mutant extend beyond their nuclei, but avoid the telencephalon, and instead, extend aberrantly along the diencephalon-telencephalon boundary, while wild-type thalamic axons cross this boundary on their way to the cortex (Fig. 6E,F) . Mice deficient for the transcription factor Mash-1 exhibit a defect of thalamic axon outgrowth that is very similar to that of the Phr1 knockout (Tuttle et al. 1999 ). The Mash-1 defect may be due to the improper differentiation or migration of cells constituting a permissive corridor of Islet1-positive cells , and cross-sectional area (C). In A, the asterisk indicates P < 0.01, in B, the asterisk indicates P < 0.005, and in C, the asterisk indicates P < 0.0005 compared with control, demonstrating that Phr1 is required for normal corpus callosum formation. The size of the corpus callosum is not different between the cerebral cortex-specific and constitutive Phr1 alleles, demonstrating that Emx1-Cre effectively deletes Phr1 in the projection neurons contributing to the corpus callosum. DiI labeling of cortical axons is shown in E18.5 coronal sections in D-L. DiI placed in the somatosensory cortex (Ctx) of control (D), cerebral cortex-specific Phr1 knockouts (Cortical-KO) (E), and constitutive Phr1 knockouts (KO) (F) labels axons that cross the midline (dashed line) via the corpus callosum. Asterisk indicates dye placement in the cortex. DiI placed in the visual cortex of control (G,J), cerebral cortex-specific Phr1 knockouts (Cortical-KO) (H,K), and constitutive Phr1 knockouts (KO) (I,L) labels axons that cross the midline (dashed line) in the control, but not in the cerebral cortexspecific or constitutive Phr1 knockout. The boxed region in G-I is magnified in J-L and highlights that axons from the visual cortex cross the midline in the control, but fail to cross and instead accumulate in "Probst bundles" in both the cerebral cortex-specific and constitutive Phr1 knockout. Data are presented as mean ± SEM. traversing the subcortical telencephalon (Lopez-Bendito et al. 2006 ). However, a well-formed domain of Islet1-positive cells is frequently present in the subcortical telencephalon of Phr1 knockouts at E13.5, as it is in controls ( Supplementary Fig. S5 ), demonstrating that the thalamic axon guidance defects cannot be due to loss of this corridor.
Phr1 regulates cortical axon outgrowth cell-nonautonomously
Defects of cortical axon guidance through the corpus callosum are indistinguishable between the constitutive and cortex-specific knockouts; however, cortical axon guidance through the internal capsule is strikingly different for these two genotypes. Unlike the constitutive knockout, cerebral cortex-specific knockouts possess an internal capsule apparent by Nissl staining and containing axons positive for Neurofilament, L1, and calretinin (data not shown). Experiments placing DiI in the incipient somatosensory (Fig. 5B) or visual cortices (data not shown) at E18.5 also show labeled tracks running through the internal capsule and retrogradely labeled cell bodies in the thalamus (Fig. 5B,E) .
To investigate this difference in the projection of descending cortical axons between the constitutive and cortex-specific knockouts, we tested in the cortex-specific knockout whether (1) descending corticofugal projections contribute to the internal capsule and (2) whether such cortical axons express Cre. The Emx1-Cre line is reported to express Cre in all projection neurons of the cortex (Gorski et al. 2002) . To visualize selectively these Cre-expressing neurons, we used a Thy1-stop-YFP transgene that expresses YFP in neurons only if Cre excises a stop cassette that otherwise blocks expression. The transgene was crossed into both the control and the cortex-specific Phr1 knockout. Consistent with the results described above, Cre-expressing, cortically derived Phr1 knockout axons contribute to a thinner than normal corpus callosum in the cortex-specific knockout (Fig. 5G,H) . In addition, Cre-expressing cortical neurons form corticofugal projections in the internal capsule of . YFP-positive axons cross the midline (dashed line) and contribute to the corpus callosum (bracketed region) in both the control (G) and cortical knockout (H). Note that the corpus callosum is thinner in the cortical knockout as expected for a Phr1 knockout. YFP-positive axons also contribute to the internal capsule in both the control (I) and cortical knockout (J). In I and J, Cre-expressing cortical axons in the internal capsule are labeled with YFP (green), while thalamocortical axons in the internal capsule are labeled with calretinin (red). The presence of cortical axons in the internal capsule of the cerebral cortex-specific Phr1 knockout, but not the constitutive Phr1 knockout, demonstrates that this cortical axon defect is non-cellautonomous.
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Cold Spring Harbor Laboratory Press on November 8, 2016 -Published by genesdev.cshlp.org Downloaded from both controls and cortex-specific Phr1 knockouts (Fig.  5I,J) , in contrast to cortical neurons in the constitutive Phr1 knockout, which do not contribute to an internal capsule. As a second method to assess whether Emx1-Cre efficiently excises the floxed Phr1 allele throughout the cerebral cortex and hippocampus, we examined wildtype and mutant Phr1 mRNA in the relevant brain regions of Emx1-Cre, floxed-Phr1 mice, and controls. RT-PCR from E16.5 cortex demonstrates that wild-type Phr1 transcripts are undetectable in the presence of Emx1-Cre (Supplementary Fig. S6 ). Furthermore, since GABAergic interneurons in the cortex do not express Emx1-Cre (Gorski et al. 2002) , these RT-PCR results suggest that GABAergic interneurons do not express appreciable amounts of Phr1 message, and are thus unlikely to contribute directly to the callosal or internal capsule defects caused by loss of Phr1. In combination, our results demonstrate that loss of cortical axons contributing to the internal capsule in Phr1 constitutive mutants is a cellnonautonomous defect most likely resulting from loss of Phr1 in cell bodies outside of the cerebral cortex.
The Phr1 phenotype reveals a choice point for cortical axons at the corticostriatal boundary
Further analysis of the Phr1 constitutive mutants revealed that descending axons extend through the cerebral white matter and terminate abruptly at the border between the cortex and the striatum (Fig. 5C ). The absence of cortical axons in the subcortical telencephalon is due to the failure of axons to cross the corticostriatal boundary rather than a retraction of axons to this boundary. At E13, cortical axons from both wild-type and constitutive Phr1 knockout animals extend within the cortex (data not shown). By E14.5, wild-type cortical axons have crossed the corticostriatal boundary (Fig. 6A ) and extend far into the incipient striatum (Fig. 6AЈ ). In contrast, at E14.5, cortical axons from constitutive Phr1 mutants extend through the cerebral white matter but terminate at the edge of the cortex in a bulb reminiscent of a Probst bundle (Fig. 6B,BЈ) . By E15.5, the wild-type axons have reached the thalamus, while the Phr1 axons remain at the corticostriatal boundary (Fig. 6C,D) . In Figure 6 . Axonal projections in the Phr1 mutant reveal guidance cues at the corticostriatal boundary. (A) DiI placed in the somatosensory cortex (Ctx) of controls at E14.5 labels axons that cross the corticostriatal boundary (CSB, dashed line). The boxed region is magnified in AЈ and highlights axons (arrowheads) extending deep into the subcortical telencephalon. (B) DiI placed in the somatosensory cortex (Ctx) of constitutive Phr1 knockouts (KO) at E14.5 labels axons that stop at the corticostriatal boundary (CSB, dashed line). The boxed region is magnified in BЈand reveals the absence of axons extending into the subcortical telencephalon. (C) At E15.5, DiI placed in the somatosensory cortex (Ctx) of controls labels axons that have crossed the diencephalon-telencephalon boundary (DTB, dashed line) and entered the thalamus (Th). (D) At E15.5, DiI placed in the somatosensory cortex (Ctx) of constitutive Phr1 knockouts (KO) labels axons that remain stalled at the corticostriatal boundary. These results demonstrate that cortical axons in the Phr1 mutant do not cross the corticostriatal boundary. (E) DiI placed in the thalamus (Th) of controls at E14.5 labels thalamic axons that cross the diencephalon-telencephalon boundary (DTB, dashed line) and enter the telencephalon. (F) DiI placed in the thalamus (Th) of constitutive Phr1 knockouts (KO) at E15.5 labels thalamic axons that fail to cross the diencephalon-telencephalon boundary (DTB, dashed line), but instead course ventrally along the boundary between telencephalon and hypothalamus. (G) A schematic summarizes the results from control, cerebral cortex-specific Phr1 knockouts (Cortical-KO), and constitutive Phr1 knockouts (KO) presented in Figures 5 and 6 , where wild-type tissue is green and Phr1 mutant tissue is pink. Labeled structures include the cerebral cortex (Ctx), thalamus (Th), hypothalamus (Hyp), corpus callosum (CC), internal capsule (IC), corticostriatal boundary (CSB), and diencephalon-telencephalon boundary (DTB). The schematic highlights that, in the constitutive Phr1 knockout, (1) the cortical defect is non-cell-autonomous and (2) the corticofugal and thalamocortical axons fail to cross the corticostriatal boundary (CSB) and diencephalon-telencephalon boundary (DTB), respectively, and thus both avoid the subcortical telencephalon. normal development, thalamocortical and corticothalamic axons contact their reciprocal projections in the subcortical telencephalon and are subsequently guided along one another to their target tissues (Hevner et al. 2002) . The cortical axon defect in Phr1 mutants, however, cannot be secondary to lack of direct contact with thalamic axons since cortical axons in Phr1 mutants never exit the cortex (Fig. 6) . In contrast, in mutants with cortical projection defects secondary to thalamic projection defects, such as the Gbx2 knockout (Hevner et al. 2002) , cortical axons cross the corticostriatal boundary and stall within the subcortical telencephalon.
Since descending corticofugal axons usually exit the cortex without contacting thalamic axons, the absence of such crossing in the Phr1 constitutive knockout cannot be due to the absence of direct contact with thalamic axons. However, the presence of the descending corticofugal projection in the cerebral cortex-specific Phr1 mutant could still be promoted by the eventual arrival of thalamic axons at the border of the corticostriatal boundary. If this were the case, then one would expect the cortical knockouts to display an identical cortical axon outgrowth defect to that of the complete Phr1 knockout at early stages, but later recover normal outgrowth once thalamic axons arrive. This was not observed. Experiments performed placing DiI in either the cortex or thalamus show results for the cortex-specific knockout similar to those of controls at all time points: At E12.5, axons do not extend out of the cortex of experimental or control animals (data not shown), but at E13.5, before thalamic axons reach the cortex, cortical axons have begun to turn the corner into the subcortical telencephalon from both control and experimental animals (Supplementary Fig. S7) , and by E15.5, cortical axons in both genotypes have entered the thalamus ( Supplementary  Fig. S7 ). Therefore the cell-nonautonomous outgrowth defect of Phr1 mutant cortical axons is not rescued by the presence of wild-type thalamic axons in the internal capsule. In aggregate, our results show that the failure of cortical axons to cross the corticostriatal boundary in the constitutive Phr1 knockout is not due to the absence of Phr1 from either cerebral cortical neurons or glia of the Emx1-expressing lineage or from thalamic neurons that normally extend axons to the cortex. Instead, our results suggest that Phr1 is required in a population of neurons or glia in the subcortical telencephalon that permits cortical axons to cross the corticostriatal boundary. This highlights a previously undemonstrated role for the corticostriatal boundary as a choice point for descending cortical axons.
Phr1 does not regulate CNS axon tract formation by down-regulating DLK
In flies and worms, the ubiquitin ligases Highwire/ Rpm-1 down-regulate levels of the MAPKKKs Wallenda/ DLK, and the major morphological defects associated with highwire/rpm-1 loss of function are due to excess Wallenda/DLK. The strongest evidence for this conclusion is that the highwire/rpm-1 morphology phenotypes are suppressed in double mutants lacking both highwire/ rpm-1 and wallenda/DLK. To perform parallel experiments in mice, DLK mutants were generated (Supplementary Fig. S8A ). The DLK knockout lacks an anterior commissure ( Supplementary Fig. S8B,C) , but the internal capsule is readily apparent in the mutant (Supplementary Fig. S8D,E ). This phenotype is very similar to that recently described for an independently generated allele of DLK (Hirai et al. 2006) . To investigate whether the Phr1 CNS phenotype is due to excess DLK, Phr1 and DLK mutants were mated to produce double knockouts. These animals exhibit the same gross defects of brain morphology observed in the Phr1 single mutant, includ- Figure 7 . CNS defects persist in Phr1, DLK double mutants. Nissl-stained coronal sections from one side of E18.5 brains of control (A,AЈ), Phr1 constitutive knockout (Phr1 KO) (B,BЈ, and Phr1; DLK double knockouts (Phr1 KO; DLK KO) (C,CЈ). In the Phr1 knockout and Phr1, DLK double knockout, lateral ventricles are increased in size and axon tracts running through the internal capsule are lacking. Cortex (Ctx), lateral ventricle (V), and fimbria (F) are labeled. The boxed regions shown in AЈ, BЈ, and CЈ demonstrate the presence of white matter tracts (arrowhead) in the internal capsule from the control (AЈ) but not from the Phr1 knockout (BЈ) or Phr1, DLK double knockout (CЈ). These data demonstrate that the major CNS defects in the Phr1 knockout are not suppressed by mutating DLK. In D, Western analysis is shown for DLK and ␤-tubulin (␤-tub) from heads of conditional Phr1 knockout (Phr1-KO) and matching controls. Histogram shows DLK levels relative to ␤-tubulin loading controls and normalized to control levels. There are no significant differences in the level of DLK between the constitutive Phr1 knockout and control (n = 4 for each genotype). (E) Immunohistochemical localization of DLK in cortical sections of E13.5 cerebral cortex from a constitutive Phr1 knockout (Phr1 KO) and matching control demonstrates no apparent difference in levels or localization of DLK protein. Data are presented as mean ± SEM.
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Cold Spring Harbor Laboratory Press on November 8, 2016 -Published by genesdev.cshlp.org Downloaded from ing the absence of an internal capsule (Fig. 7A-C) . We also find no evidence for suppression of the synaptic sprouting defect at the NMJ of Phr1, DLK double mutants (data not shown), although the DLK single mutant has occasional synaptic sprouts, making it more difficult to assess suppression.
To test whether Phr1 regulates the levels of DLK as demonstrated for the invertebrate orthologs, we measured protein levels of DLK by Western analysis from the heads of Phr1 constitutive knockouts. We observe no difference in the levels of DLK at time points relevant to the development of major axon tracts (Fig. 7D) . In addition, we observe no detectable difference in the levels or localization of DLK protein in the embryonic cortex of Phr1 mutant brains as assessed by immunohistochemistry (Fig. 7E) . Levels of DLK from heads of Phr1 deficiency embryos are also not greater than in controls (86 ± 6% of control, n = 3, P > 0.2). Finally, we measured the levels of LZK, the closest mammalian homolog of DLK (Sakuma et al. 1997) , and found by Western analysis of embryonic heads no significant difference between wild-type and the Phr1 knockout (110 ± 14% of control, n = 4, P > 0.6). Hence, we have no evidence for increased levels of DLK or LZK in the brain of Phr1 mutants. These data, in combination with the double-mutant analysis above, demonstrate that the Phr1 CNS mutant phenotype is not due to an inability to down-regulate DLK.
Discussion
An evolutionarily conserved role for Phr1 in neuromuscular development
Invertebrate orthologs of Phr1 are required for normal neuromuscular development. Here we demonstrate evolutionary conservation of this function for Phr1 in mammals. In both Drosophila and mouse, the fine structure of NMJ terminal morphology is easily assessed and demonstrates both similarities and differences between phenotypes of highwire flies and Phr1 mice. In the fly, absence of highwire leads to excessive branching of the motoneuron axon and a large increase in the number of synaptic boutons on the muscle (Wan et al. 2000) . In the mouse, motoneuron terminals also show extra branching with a profusion of extrasynaptic sprouts ( Fig. 1F,G ; Burgess et al. 2004 ). In both fly and mouse these phenotypes reflect a cell-autonomous requirement for Phr1/ highwire in the motoneuron and suggest a role in restraining nerve terminal branching. However, unlike in fly, the excess sprouts in the mouse do not form synapses, likely reflecting differences in the mechanism of NMJ formation in flies and mice. At the fly NMJ, each muscle cell is confronted by a branched axon forming arbors of synaptic boutons, so the additional branches in a highwire mutant may utilize the normal muscle machinery for building such boutons. In the mouse, in contrast, each muscle fiber has only a single endplate (Sanes and Lichtman 1999) , and may not be receptive to building ectopic post-synaptic structures in response to additional presynaptic branches.
Phr1 is required for the formation of major CNS axonal projections
The thin phrenic nerve and partial innervation of the diaphragm in the Phr1 mutant indicate functions for Phr1 beyond the regulation of nerve terminal morphology, suggesting defects of motor axon guidance to their muscle targets. This is in contrast to Drosophila highwire mutants, which display normal motoneuron axon guidance and complete innervation of all target muscles (Wan et al. 2000) . Retinal ganglion cell axons display more dramatic guidance defects, growing out of the retina, but stalling within the optic nerve or at the optic chiasm. Indeed, there is a severe and specific loss of axon tracts throughout the CNS: The corpus callosum is reduced in thickness due to a loss of axons crossing from the posterior cerebral cortex, the anterior commissure is entirely lacking, and thalamic and cortical axons fail to enter the subcortical telencephalon to form the internal capsule. While Phr1 mutant axons could have general defects in axon growth, the phenotypes are more consistent with defects in axon guidance. Axons stall at specific boundaries including the diencephalon-telencephalon border and the corticostriatal boundary, and axons originating from the same region of the cerebral cortex fail to enter the striatum but successfully cross the corpus callosum. Hence, Phr1 not only regulates the fine structure of synaptic connections like its invertebrate cousins, but also is required for the large-scale pattern of neuronal connectivity in the mammalian brain.
Phr1 regulates axon guidance in the CNS cell-nonautonomously
All previously described loss-of-function phenotypes for orthologs of Phr1 are cell-autonomous (Schaefer et al. 2000; Zhen et al. 2000; D'Souza et al. 2005; Wu et al. 2005) . Therefore, axon guidance defects in Phr1 mutants would naturally be assumed due to a misreading of molecular guidance cues by Phr1 mutant axons, and this may be the case for callosal cortical axons. However, for descending cortical axons, this is not the case. When Phr1 function is deleted from neurons in the cerebral cortex using Emx1-Cre, the internal capsule forms, cortical neurons innervate the thalamus and vice versa, and Cre-positive marked cortical axons pass through the subcortical telencephalon (data summarized in Fig. 6G ). As surprising as this result is, it is not unique to cortical axons. In the Phr1 constitutive knockout, retinal ganglion cell projections fail to reach their targets; however, when Phr1 is deleted selectively in the retina, mutant axons fully innervate their targets in the thalamus, revealing a non-cell-autonomous requirement for Phr1 outside of the retina for ganglion cell axon pathfinding (S. Cullican, A.J. Bloom, and A. DiAntonio, unpubl.) .
Cell-nonautonomous defects of cortical axon guidance occur in mutants with severely defective thalamocortical tracts (Hevner et al. 2002) , suggesting that cortical axons require thalamic axons to reach their targets in the thalamus. During normal development, cortical pioneer axons cross the corticostriatal junction and enter the internal capsule quickly at approximately E13.5, but having reached the middle of the internal capsule by E14.5, appear to pause in the presumptive neostriatum for 24-48 h. Jacobs et al. (2007) speculate that this pause in the neostriatum indicates the time required for cortical axons to gather and "match up" corresponding thalamocortical efferents. Indeed, the cortical axon defects in mutants lacking thalamic axons are consistent with a missed appointment; i.e., cortical axons have extended midway into the subcortical telencephalon at E14.5 but progress no further (Hevner et al. 2002) . This is not the case in Phr1 mutants. Rather, cortical axons in complete Phr1 mutants appear to avoid the incipient striatum, whereas cortex-specific Phr1 knockouts extend their axons into the internal capsule normally at all developmental time points. This is evidence that the cortical axon defect in Phr1 mutants is not secondary to loss of thalamic axons, but is instead akin to the specific pathfinding defect of the thalamic projection in Phr1 mutants.
The Phr1 mutant reveals a choice point for cortical axons at the corticostriatal boundary
An axon's course is influenced by attributes of the projecting neuron and its final target, as well as by factors regulating the molecular environment along its path. This environment consists of permissive and nonpermissive substrates for growth, and diffusible factors that promote growth toward targets or repel axons away from improper targets (Tessier-Lavigne and Goodman 1996) . Hence, the improper development and organization of cells intervening between a projecting neuron and its target lead to cell-nonautonomous defects in axonal outgrowth and guidance (Tuttle et al. 1999; Lopez-Bendito et al. 2006) . Boundaries between differing tissues can be choice points for growing axons; there is strong evidence for this at the diencephalon-telencephalon boundary (Tuttle et al. 1999; Jacobs et al. 2007 ). In Phr1 knockouts, thalamocortical axons stop at this boundary. The corticostriatal boundary is an obvious anatomical landmark, a boundary between molecularly distinct cell types in the telencephalon and an identified boundary for thalamic axons entering the cortex (Molnar and Blakemore 1995; Chapouton et al. 2001; Inoue et al. 2001; Molnar and Butler 2002; Carney et al. 2006 ). However, previously identified mutants with cortical axon defects either extend their axons past this boundary into the striatum (Bagri et al. 2002; Hevner et al. 2002; Tissir et al. 2005) or display defects interpreted as affecting axon outgrowth within the cortex (Wang et al. 2002) . In contrast, cortical axons in the Phr1 knockout proceed to the corticostriatal boundary and stop. These results reveal the corticostriatal boundary as a choice point for axons exiting the cortex. We show here that the failure of cortical axons to cross this boundary in the constitutive Phr1 knockout is not due to the absence of Phr1 in either cerebral cortical neurons or glia of the Emx1-expressing lineage or thalamic neurons that normally extend axons to the cortex. Instead, these results suggest the presence of an uncharacterized population of neurons or glia in the subcortical telencephalon that require Phr1 to make this boundary passable to cortical axons. This inability of cortical axons to enter the subcortical telencephalon is very similar to the defect in mutant thalamic axons that also fail to enter the subcortical telencephalon, leading us to suspect a common cell-nonautonomous mechanism. These findings suggest a model in which Phr1 is required to render the subcortical forebrain permissive to the entry of both cortical and thalamic axons.
Phr1 CNS axon tract phenotypes do not require DLK
Large-scale unbiased genetic screens in both flies and worms have demonstrated that the MAPKKK Wallenda/ DLK is required for the major morphological phenotypes observed when highwire/rpm-1 is mutant (Nakata et al. 2005; Collins et al. 2006) . In these systems Highwire/ Rpm-1 regulates the levels of Wallenda/DLK, and the up-regulation of Wallenda/DLK is both necessary and sufficient to cause synaptic morphology defects in highwire and rpm-1 mutants (Nakata et al. 2005; Collins et al. 2006) . The striking evolutionary conservation between flies and worms lead us to suspect that this pathway would also be central to the Phr1 phenotype in mammals. However, we observe no change in the levels or localization of DLK or its close homolog LZK in the developing CNS of Phr1 mutant mice. Furthermore, mutations in DLK do not suppress the gross morphological changes in the CNS-such as loss of the internal capsule-that are the hallmark phenotypes of the Phr1 mutant. These results do not show that Phr1 never regulates DLK, but they do demonstrate that, unlike in invertebrates, up-regulation of DLK is not necessary for major morphological phenotypes of the Phr1 mutant, indicating mechanisms not anticipated by studies in invertebrates.
Materials and methods
Phr1 and DLK mice A targeting vector was constructed from PCR products from embryonic stem (ES) cell genomic DNA from the 129 cell line subsequently used to generate the Phr1 targeted allele mice. Three PCR fragments, adjacent to one another in the genomic DNA, were amplified: a 1.3-kb "short arm," a 1.6-kb "floxed region" containing translated exons 8 and 9, and a 3-kb "long arm." The 3Ј primer used to generate the floxed region also included the 34-base-pair (bp) loxP sequence in order to introduce a loxP site between the floxed region and the long arm. Each fragment was subcloned into vector pGEM Easy (Promega) and multiple clones from each ligation were sequenced. Accurate copies of each fragment were cloned in order into vector pSV-LoxP-FRT-neo-FRT, which contains a TN5 Neo casette flanked by FRT sites adjacent to a second loxP site. Thus, exons 8 and 9 were flanked by loxP sites. The construct was electroporated into ES cells and homologous recombinants containing both loxP sites were confirmed by Southern blot. Two different clones were injected into mouse blastocysts to generate germ-line chimeras. Germline chimeras were bred to C57 Black mice to produce heterozygotes for the floxed allele. Germline chimeras were also bred to the ␤-actin-Cre line (Lewandoski and Martin 1997) to delete the floxed exons in the germline and produce the constitutive Phr1 knockout allele. In this knockout, RT-PCR demonstrates that these exons are missing from the transcribed RNA, leaving a transcript that could encode a protein carrying an internal deletion. Constitutive alleles generated by the two clones were judged to have identical phenotypes and subsequently were treated identically.
The DLK gene trap mutant chimeras were generated by injecting blastocysts with murine ES cells from line RRN366 (BayGenomics Consortium) containing the gene trap construct pGT0Lxf inserted in an intron in the 5Ј untranslated region of DLK (see http://baygenomics.ucsf.edu). Germline chimeras were bred to C57 Black mice to produce heterozygotes for the gene trap allele. Offspring were subsequently mated to mice with the targeted Phr1 knockout allele to ultimately generate DLK gene trap, Phr1 knockout double homozygotes.
Mice
The presence of different Phr1 alleles was determined by PCR on tail DNA using three different primers: a 5Ј primer from from the Neo cassette (CACACATTCCACAGCTGGTTCTTTCC GCCTCAG), a 5Ј primer from the Phr1 locus (TTTTTCAATC CCAAATAAAGGTGTTAGAAG), and a 3Ј primer from the Phr1 locus (ACACAGACGACGTCTGCAGCTTCAAGAGAA).
15DttMb and 1Acrg piebald deletion stock mice (Roix et al. 2001) were obtained from Timothy P. O'Brien (Cornell University, Ithaca, NY). Embryos and neonatal mice referred to in this text as "deficiency" mice were obtained by mating together 15DttMb and 1Acrg stock mice or 15DttMb mice with one another. Thy-Stop-YFP15 (Feng et al. 2000) , Emx-1 Cre (Gorski et al. 2002) , HB9-Cre (Fox et al. 2007) , and ␤ actin-Cre mice (Lewandoski and Martin 1997) were as describe previously.
All embryos were collected by Caesarian section from timed matings where detection of the vaginal plug was defined as E0.5. For cell proliferation studies, pregnant mice were injected with 50 mg/kg BrdU (Roche) at E12.5 or E15.5.
Southern blot
Genomic DNA prepared from ES cell cultures or mouse liver was cut with ApaI and PacI. Radioactive probes were generated using the Rediprime II Random Prime Labeling System (Amersham) from one of two PCR fragments: 5Ј of the construct generated from primers GTATTTTTACTCAAGAATCATATAAA TTTGA and AAAGCTAAACGAAGACCTCATGTGC or 3Ј of the construct generated from primers AGTAGGCTTTGAGTT TTTAAAAGCCCATCC and AAAATCTAAAGTGTCTTTTTA TATCTTCTC. Probes were passed over ProbeQuant G-50 Micro Columns (Amersham). Radiolabeling was detected with a PhosphorImaging plate (Amersham) and Molecular Imager FX (Bio-Rad)
RT-PCR
RNA was extracted from dissected (1) cortex and hippocampus or (2) the remaining brain using TRIzol reagent (Invitrogen) and RT-PCR was performed using the SuperScript One-Step RT-PCR kit (Invitrogen). Primers were AAACAGATTATTGAG GTTGGGCTTTGTGAA and AAAAGGGCATGCGAGCCAT CATGTCCCACA, which flank the floxed domain. The reaction incubated at 55°C for 30 min, followed by 40 cycles of 15 sec denaturing at 94°C, 30 sec annealing at 60°C, and 1 min extension at 68°C.
Histology
by following the arc of the lateral ventricles and cerebral cortex ventrally; diencephalon-telencephalon boundaries in sections were evident from tissue morphology.
Imaging and analysis
Images of Nissl-stained sections and DiI-labeled sections were obtained with a Cool SNAP cf camera (Photometrics) mounted on an Eclipse 80i microscope (Nikon). Images taken from slides labeled with fluorescent secondaries were acquired on a Nikon C1 confocal microscope. Samples for each experiment were imaged using the same confocal gain settings. Composite images were pieced together using Adobe Photoshop CS2. For axon and endplate counting and endplate band width measurements, stacks of confocal images were merged together using EZ-C1 software (Nikon). MetaMorph software (Molecular Devices) was used to measure average endplate band width by drawing a polygon around the endplate band in a merged image, measuring the area, and dividing by the endplate band length. Equivalent regions of the diaphragm muscle were chosen to image for endplate counting and band width measurement using the major branchpoint of the phrenic nerve on the muscle as a landmark. Quantification was performed while blinded to genotypes. BdrU-labeled cells were counted automatically using MetaMorph software (Molecular Devices) within blinded user-defined cortical domains. Images of Western blots were acquired using a ChemiDoc XRS scanner (Bio-Rad) and band intensities were measured using Quantity One software (Bio-Rad). The corpus callosum dorsal-ventral thickness and anterior-posterior length were measured from E18.5 brains cut into coronal sections by vibratome or cryostat. The cross-sectional area at the midline was estimated as the product of the measured length and thickness. Statistical analyses were performed and graphs were generated with Origin 7.0 (Origin Laboratory). Data sets were compared using the t-test or ANOVA where appropriate.
